Due to the great economic impact of Haemonchus contortus on sheep farming, there is an increasing number of studies addressing host resistance against this nematode, including identification of directly related immune mechanisms. In this context, relative gene expression by RT-qPCR have been largely used, due to its rapidity, high sensitivity, specificity, and reproducibility. Although, appropriate reference gene selection is crucial for accurate interpretation of results. In this study, five reference genes (GAPDH, G6PDH, YWHAZ, ACTB, and B2M) were tested for expression stability in abomasum (fundic and pyloric regions) and abomasal lymph nodes of Morada Nova sheep classified as resistant (n = 5) or susceptible (n = 5) to H. contortus infection in a flock of 151 animals. GAPDH combined with YWHAZ were selected as reference genes for abomasal fundic region and abomasal lymph nodes, whereas YWHAZ was the most stable gene for abomasal pyloric region. These genes presented the lowest intra-and inter-group variations and, consequently, highest stability. In contrast, expression of G6PDH was the least stable in all tissues. The impact of reference gene selection was demonstrated by relative quantification of a pro-inflammatory cytokine (TNFα) in abomasal fundic region. Significant differences in TNFα expression levels between resistant and susceptible groups were only observed when the most stable genes (GAPDH combined with YWHAZ) or GAPDH were used as reference genes, whereas no significant differences were observed when other tested reference genes were used. It was demonstrated that normalization of expression data using inappropriate reference genes may significantly influence interpretation results.
Introduction
Gastrointestinal nematode (GIN) infections are the main cause of economic losses to ovine farmers worldwide, especially in tropical countries. In Brazil, Haemonchus contortus is considered the most pathogenic and, consequently, the most economically relevant [1] [2] [3] . In view of increasing multiple anthelmintic resistance [1, 4, 5] , alternative control methods, in which selection of resistant lineages may be considered an excellent alternative, are required. Regarding Brazilian sheep breeds, the Morada Nova, originated from northeast of the country, presents several positive features, such as tropical climate adaptation, sexual precocity, high prolificacy, excellent skin quality [6] , and increased resistance to GIN infections [7] . Recent studies have shown slighter impact induced by GIN infections over this sheep breed compared with other breeds such as Dorper, Texel, Ile de France, and Santa Inês. Even in more critical categories such as females in pre and postpartum period, in which immunosuppression from nutritional and endocrine origin leads to increased infection rates, Morada Nova ewes presented lower FEC and higher PCV than the other breeds [8, 9] .
Aiming to better understand the mechanisms involved in host resistance against GIN infections, investigation of genetic, physiological and immune-mediated mechanisms is essential. In this context, relative gene expression studies by RT-qPCR have been increasingly used [10] [11] [12] [13] , due to its rapidity, high sensitivity, specificity, and reproducibility [14, 15] . Nevertheless, such method is used for confirmation of the results found in more comprehensive transcriptomic studies, such as RNA-seq [11, 16] .
However, a range of variables, either alone or cumulatively, need to be considered in RT-qPCR studies, such as the amount and quality of RNA samples, efficiency of reverse transcription (enzymatic activity and primers used), presence of reaction inhibitors, efficiency of primers used in qPCR, and differences in cell numbers between different samples [14, [17] [18] [19] [20] . For normalization of such variables, the most commonly applied method is the use of one or more reference genes, in which the expression levels must be stable in the target tissue, considering the different treatments, groups, and other experimental conditions [14, 21] . In this context, selection of a suitable reference gene is essential. The widely used ribosomal RNA (18S or 28S rRNA), for example, is not the most appropriate gene mainly because its expression is much higher and its degradation inferior to those of the target mRNA, the rRNA:mRNA ratio is highly variable between different samples, and its transcription pathway is independent of that of mRNA [21] [22] [23] . Furthermore, the selection of a reference gene based only on a literature search is equally inadequate, because the expression levels of several constitutive genes, such as GAPDH and ACTB, is known to vary considerably in the same tissue when tested under different experimental conditions [24] [25] [26] . Thus, previous reference gene validation is essential for each tissue and study, based on a set of candidate genes.
To validate reference gene candidates, regarding their stability, several computer programs are available, among which the most used are the Microsoft excel add-ins Bestkeeper [27] and Normfinder [28] , which use the Cq as inputs (with or without log transformation), and account for differences in primer binding efficiency. Recently, a free online platform has been made available, RefFinder (http://leonx ie.esy.es/RefFi nder/), which combines the geometric means of the stability values calculated by the main algorithms currently available (Bestkeeper, Normfinder, GeNorm, and comparative Cq method), creating a comprehensive ranking.
The present study aimed to evaluate the stability of five reference gene candidates (GAPDH, G6PDH, YWHAZ, ACTB, and B2M) in abomasum (fundic and pyloric regions) and abomasal lymph nodes of Morada Nova lambs experimentally infected with H. contortus from different resistance phenotypes (resistant and susceptible), using three different software (Bestkeeper, Normfinder, and RefFinder). Moreover, efficacy of the most stable reference gene on normalization of TNFα transcripts was also compared with those of the other selecting candidates. In small quantities, Strongyloides sp. and Moniezia sp. eggs and Eimeria sp. oocysts were found in the faeces of some animals. The lambs were kept in four paddocks, separated by sex (males and females) and month of birth (April and May). These four paddocks were kept free from animal grazing 4 months before the beginning of the study and had the pasture was cut close to the soil every 15 days to reduce GIN contamination.
Materials and methods

Animal phenotyping and sample collection
Immediately after weaning, the lambs were treated with 2.5% monepantel (Zolvix®, Novartis) at 2.5 mg/kg dose to eliminate natural GIN infection, confirmed by two faecal egg counts (FEC), at days 7 and 14 post-deworming. After 15 days, they were experimentally infected with 4 × 10 3 H. contortus L 3 (Echevarria 1991 isolate)-day zero, according to the recommendations of the World Association for the Advancement of Veterinary Parasitology [29] . Fecal samples were collected individually for FEC at days zero, 21, 28, 35, and 42, followed by a second monepantel treatment. 15 days later, the animals were subjected to a second parasitic challenge according to the previous scheme. For packed cell volume (PCV) determination, blood samples were collected on days zero, 14, 28, and 42 of each challenge. Based on the averages FEC (excluding post-deworming values) and PCV, from the weaning to the end of the second parasitic challenge, the animals were phenotypically classified according to their resistance to H. contortus infection. The ten lambs classified as extreme resistance phenotypes, five most resistant (lowest FEC and highest PCV) and five most susceptible (highest FEC and lowest PCV) were submitted to a third monepantel treatment and parasitic challenge with 4 × 10 3 H. contortus L 3 . 7 days later, they were slaughtered and tissue samples from abomasum (fundic and pyloric regions) and abomasal lymph nodes were collected, immediately frozen in liquid nitrogen (− 180 °C), and stored at − 80 °C for total RNA extraction.
RNA extraction and cDNA synthesis
Total RNA was extracted from 0.1 g (abomasum) or 0.2 g (abomasal lymph nodes) of the tissue samples by organic extraction using QIAzol® Lysis Reagent (Qiagen, Cat. 79306) and TissueRupter tissue homogenizer (Qiagen, Cat. 9002710), followed by purification using RNeasy Mini Kit (Qiagen, Cat. 74106).
Quantification and purity of the extracted RNA were estimated by 260 nm ultraviolet absorbance and readings at 260/280 nm, respectively, by spectrophotometry (NanoDrop 2000, Thermo Scientific). RNA quality was confirmed by 1% agarose gel electrophoresis.
The complementary DNA (cDNA) were synthetized from 1500 ng of total RNA, using the High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, Cat. 4368814) and OligodT primers (Sigma), according to manufacturers' instructions, in T100TM Thermal Cycler (Bio-Rad).
Reference genes and target gene selection
Selection of the reference gene candidates was based on those commonly used for RT-qPCR studies in different ruminant tissues [30] [31] [32] [33] [34] . Five reference gene candidates with different cellular functions were selected: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and glucose 6-phosphate dehydrogenase (G6PDH), enzymes associated with carbohydrate metabolism; tyrosine 3-monoxygenase (YWHAZ), involved in intercellular signal transduction; actin beta (ACTB), cytoskeletal structural protein; beta-2 microglobulin (B2M), a component of histocompatibility complex (MHC) class I beta chain. Tumor necrosis factor alpha (TNFα), a pro-inflammatory cytokine previously associated with enhanced susceptibility to GIN infections in sheep [35] , was selected as target gene to measure the impact of reference gene choice on data normalization.
All oligonucleotides were designed using Primer3 (http:// frodo .wi.mit.edu) software, spanning exons according to gene sequences from Ensembl (http://ensem bl.org), and mRNA sequences deposited in GenBank. Primer sequences were analyzed by Netprimer (https ://www.premi erbio soft. com/netpr imer) and Oligoanalyzer (https ://www.idtdn a.com/ calc/analy zer) computer programs in order to evaluate formation of possible secondary structures. To verify specificity, the expected amplicon sequences were aligned with those deposited in the international databases through the Basic Local Alignment Search Tool (BLAST) program.
Real time quantitative PCR (qPCR)
The reactions were conducted in 7500 Real-Time PCR System Thermal Cycler (Applied Biosystems) using SYBR Green I DNA intercalating dye, MicroAmp® Optical 96-Well Reaction Plates (Applied Biosystems, Cat. N8010560) and MicroAmp® Optical Adhesive Films (Applied Biosystems, Cat. 4311971). The qPCR reactions contained 20 ng of cDNA, 7.5 µL of 2× Quantifast SYBR Green PCR Master Mix (Qiagen, Cat. 204056), and 0.3 µM of each primer in a final volume of 15 µL. Amplification included a pre-incubation step at 95 °C for 5 min, followed by 40 cycles at 95 °C for 15 s and at 60 °C for 35 s. After amplification, a melting curve analysis was performed by raising the incubation temperature from 65 to 95 °C in 0.5 °C increments. All samples were tested in duplicate and, for each gene, in each qPCR run, a no template control (NTC) was included. The threshold values were set to 0.02 for all genes.
Specificity of the amplified products was confirmed by visualization of expected amplicon size in 2.5% agarose gel electrophoresis. The efficiencies of each specific RT-qPCR were calculated using fivefold serial dilutions of cDNA.
Stability test and statistical analysis
Stability of the five reference gene candidates for each evaluated tissue (abomasal fundic and pyloric regions and abomasal lymph nodes) was tested using three computational software suites: Bestkeeper, Normfinder, and RefFinder.
TNFα relative gene expression was normalized by different reference gene candidates [36] . For each evaluated tissue, the sample presenting the lowest expression level (highest Cq value) was used as calibrator.
The Cq means of the reference gene candidates in the different tissues were analyzed by the Kruskal-Walis test, followed by the Dunn's multiple comparison test. The comparisons of relative changes in TNFα gene expression between the resistant and susceptible groups normalized by different reference gene candidates were performed using the Mann-Whitney U test. All analyses were processed using GraphPad Prism 7.0 for MacOS X, and the probability level for significance was set at P < 0.05.
Results
Specificity and efficiency of qPCR assays
Specificity of the developed qPCR assays was confirmed by visualization of unique fragment presenting expected size in agarose gel electrophoresis. In addition, only one peak in the dissociation curve was observed (Fig. 1) . Primer dimers were verified in NTC for ACTB, B2M and TNFα qPCR assays, but these unspecific products presented markedly lower melting temperature compared with those observed in specific products. qPCR efficiency values ranged from 92.31 to 101.64%, and the correlation coefficient (r 2 ) ranged from 0.983 to 0.999 (Table 1) . 
Expression profiles of reference gene candidates in different tissues
ACTB and B2M were the most expressed genes in all evaluated tissues, whereas G6PDH presented the lowest expression (Table 2 ; Fig. 2 ). Regarding the reference gene expression levels in different tissues, abomasal fundic region presented the lowest variation on the expression of the five reference genes, followed by abomasal pyloric region, whereas the highest variations were found in the abomasal lymph nodes. Regarding the comparisons of reference gene expression levels between groups (resistant and susceptible to H. contortus infection), significant difference (P < 0.05) was observed for GAPDH in abomasal pyloric region, whereas no significant differences were found for the other genes and/or tissues.
Reference gene stability test
Bestkeeper and Normfinder analyses indicated YWHAZ as the most stable gene for abomasal fundic region; in addition, the combination of GAPDH and YWHAZ (geometric men of Cq values) were also indicated by the Normfinder software. RefFinder analysis results were partially different, where GAPDH was ranked as the most stable gene, followed by YWHAZ. However, all three algorithms indicated G6PDH as the least stable.
Analysis by the three programs indicated YWHAZ as the most stable gene for abomasal pyloric region. In addition, GAPDH and G6PDH were listed as the least stable by the three programs in this tissue.
Regarding evaluation in abomasal lymph nodes, ACTB was listed as the most stable gene by Bestkeeper and RefFinder analyses. However, a high coefficient of variation of ACTB Cq values (CV = 14.07%) between biological replicates was observed in this tissue. GAPDH ranged between second (Normfinder and RefFinder) and third (Bestkeeper) most stable gene, but a high coefficient of variation was observed in its expression levels (CV = 8.42%). In contrast, YWHAZ was listed as the second (Bestkeeper) or third (Normfinder and RefFinder) most stable gene, and showed a low coefficient of variation of Cq values (CV = 5.56%) (Fig. 3) .
Inaccurate gene expression results related to erroneous reference gene selection
No significant differences were observed between the resistant and susceptible groups regarding TNFα gene expression (relative expression normalized by either one of the evaluated reference genes) in both abomasal pyloric region and abomasal lymph nodes. In abomasal fundic region, TNFα transcript levels were significantly higher in susceptible compared with resistant animals, when relative expression was normalized by GAPDH (P = 0.0159) or using GAPDH combined with YWHAZ (P = 0.0317). However, no significant differences in these transcript levels were observed using G6PDH, ACTB, or B2M as reference genes (Fig. 4) .
Discussion
An ideal reference gene should be stably and constantly expressed in different cells and tissues, regardless of the physiological state and experimental conditions [21, 28] . GAPDH and ACTB have been frequently used as reference genes in the literature and are considered universal by some authors [18, 37] . However, such genes did not exhibit the highest expression stability in the present experimental conditions, and therefore were not reliable as reference genes.
Although the combination between GAPDH and YWHAZ genes presented high stability levels for both abomasal fundic region and lymph nodes, GAPDH gene presented poor stability levels in pyloric region by all algorithms evaluated, and this gene was differentially expressed between resistant and susceptible groups. In contrast, ACTB presented high stability levels by RefFinder and Bestkeeper software analyses in the abomasal lymph nodes, but due to the high coefficient of variation observed for this gene, its potential as a suitable reference gene for the present experiment seems to be low. The results are in agreement with those of previous experiments, in which neither GAPDH nor ACTB was listed as appropriate reference genes in studies addressing GIN resistance in ruminants [10, 31, 37, 38] .
In the present study, YWHAZ gene was indicated as one of the most stable genes, alone or combined with GAPDH. YWHAZ was used as reference gene in relative expression studies using lymph nodes from sheep considered resistant or susceptible to Teladorsagia circumcinta [39] [40] [41] . In addition, GAPDH gene was previously selected as reference gene in a similar study using ovine abomasum from animals resistant or susceptible to GIN [12] . Nevertheless, from all reference gene candidates tested in these studies, only GAPDH and ACTB were in common compared with the present study. Few studies have included YWHAZ as a candidate reference gene for stability testing in studies involving helminthic infections. However, the high stability level of this gene obtained in this and other studies [32, 42] , considering different tissues and experimental conditions, indicates it as a good reference gene candidate. In contrast, G6PDH presented the lowest stability level in the present experimental conditions in all three tissues evaluated. In addition, it presented the lowest expression values compared with those of the other reference candidates. Although there are no studies using G6PDH as reference gene for experiments related to host resistance against nematode parasites, this gene was considered highly stable in sheep neutrophils [32] and nervous tissue [30] , but presented low stability levels in sheep bone tissue [43] . This wide variation of results regarding selection of appropriate reference gene in gene expression studies highlights the absence of a universal gene and reinforces the importance of previous validation.
Regarding the different programs used to perform stability testing in the present study, each one has a differential algorithm. Bestkeeper [27] performs consecutive pairwise correlation analyses (Pearson's correlation test) between the different candidate genes and between them and the geometric mean of all the other genes. Although several studies have used only the correlation coefficient (r) value to rank the stability of the candidate genes, the coefficient of variation of Cq values between biological replicates within a tissue may constitute an important criterion, as evidenced in the present study, in which high coefficient of variation was observed for ACTB gene in the abomasal lymph nodes, with this gene indicated as the one with the highest stability by the Bestkeeper and RefFinder software programs. Normfinder algorithm considers variations unrestricted to different samples, but includes differences between and within experimental groups. Such variations are very important factors to be considered in reference gene validation, as demonstrated in the present study, where significant difference (P < 0.05) between resistant and susceptible groups was observed for GAPDH Cq values in the abomasal pyloric region, which corroborated the findings of other studies [20, 32, 44] . Another advantage of this program is the suggestion of combinations of reference genes instead using only one. RefFinder integrates the main currently available computational programs (geNorm, Normfinder, Bestkeeper, and comparative delta Cq method) in a single comprehensive ranking, but presents the disadvantage of inputting only raw Cq values, wherein the efficiency correction was not available, and consequently could lead to inaccurate results, especially by using qPCR assays with low efficiency values, such as for G6PDH in the present study (E = 92.31%).
Although some inconsistencies have been observed regarding the most appropriate reference gene indicated by the different computational programs tested, all of them have indicated the same genes as less stable for each tissue, corroborating the results of previous studies [15, 32] . Therefore, considering the advantages and disadvantages of each computational program, the use of more than one algorithm to better rank the stability of reference gene candidates is highly recommended.
Finally, the different results obtained for TNFα expression levels between groups (resistant and susceptible to H. contortus infection) depending on the reference gene used have demonstrated that inappropriate reference gene selection can lead to misinterpretation of gene expression results. This fact is due to high expression variations in a non-stable reference gene being transferred to the target-gene, which can lead to under-or over-estimation of the relative quantification data and important changes in statistical significance, corroborating the findings of other studies [20, 33, 34, 45] .
Conclusion
The geometric mean of GAPDH and YWHAZ demonstrated the highest stability in abomasal fundic region and abomasal lymph nodes of Morada Nova sheep resistant and susceptible to H. contortus infection, whereas YWHAZ was the most stable reference gene in the abomasal pyloric region. G6PDH, in turn, was listed as the least stable gene by the three computational programs. More importantly, performing stability testing from a selection of candidate genes, based on different programs, is essential in order to avoid misinterpretation of relative gene expression results.
